Biological, physical, and chromatographic properties of methylated albuminkieselguhr (MAK)-fractionated complementary strands, designated as light (L) and heavy (H), of Bacillus subtilis deoxyribonucleic acid (DNA) are presented. The pattern of transforming activity along the MAK elution profile of alkilidenatured DNA shows that the residually active molecules selectively fractionated ahead of the L strand fraction, whereas the most active self-annealed molecules fractionated preferentially at the trailing end of the H strand fraction. The restoration rate of transforming activity in the late-eluting H molecules was rapid and independent of concentration during the annealing reaction. The data suggest that the self-annealing activity in the H strand is due in part to the formation of intrastrand secondary structures. Hydroxyapatite chromatography of self-annealed L and H strands yielded a major fraction (I) of highly purified strand preparations devoid of transforming activity and hypochromicity, and a minor "nativelike" fraction (II). Sedimentation velocity measurements show that, in addition to the mutual complementary nature of the L and H fractions, they differ in molecular size and possibly configuration.
Methylated albumin-kieselguhr (MAK) columns are capable of resolving the complementary strands of the deoxyribonucleic acid (DNA) of several bacteria and viruses (27, 29) . The most crucial test for strand separation resides in the ability of the isolated strands to reform duplex DNA when mixed together and annealed, whereas neither should anneal separately to form duplex molecules. The reformation of duplex DNA upon annealing can be tested by the reactivation of biological activity in transformation assays and by the restoration of hypochromicity in temperature-absorbance profiles. Previous work by one of us on the transforming activity of separated strand fractions, designated as light (L) and heavy (H), from Bacillus subtilis DNA (27, 29) and work from another laboratory on MAK fractions of pneumococcal DNA (23) (24) (25) have revealed the following: (i) fractions L and H retained a small amount of residual activity, slightly more in fraction L; (ii) self-annealing produced almost no activation of the L strand but some reactivation in the H strand (6 to 10% of initial activity); (iii) repeated passage of the H strand through MAK greatly reduced this partial reactivation upon self-annealing but did not eliminate it entirely; and (iv) the restoration of transforming activity when L and H strands were annealed together reached levels of 50 to 60% of native activity and far exceeded the average for the same fractions when selfannealed. Finally, renaturing the separated strands of wild type with recipient DNA to form two kinds of heteroduplex molecules has shown that either complementary strand can generate transforming activity but not with equal efficiency. The heteroduplex DNA containing the H strand of wild type was more efficient for the three genetic markers tested (27) .
In this paper, we report further studies on the biological, physical, and chromatographic properties of the MAK-fractionated complementary strands of B. subtilis DNA. The chromatographic resolution of the fragmented DNA strands was accomplished by the technique of intermittent gradient elution reported earlier (27) . The pattern of transforming activities along the MAK elution profile of denatured RUDNER AND REMEZA DNA shows that the residually active species selectively peak ahead of the L strand fraction, whereas the most active self-annealed species peak preferentially in the late-eluting region of the H strand fraction. Hydroxyapatite chromatography of self-annealed L and H strands yields a major highly purified single-strand fraction, devoid of transforming activity and hypochromicity, and a minor "nativelike" fraction. Evidence will be presented which suggests that the self-annealed activity in the H strand is due in part to the formation of intrastrand secondary structures. In an accompanying paper (32), we report the transforming behavior of the MAK-fractionated L and H strands annealed in mixtures.
MATERIALS AND METHODS Bacterial strains. The following mutant derivatives of B. subtilis strain 168 were used as recipients in transformation assays: strain SB-25 (hisB, try-2), BD-170 (thr-5, try-2), kindly supplied by D. Dubnau, and strain Mu8u5ul6 (leu-8, metB,, purA16). The prototrophic strain W23SrErMr was the source of DNA.
Growth of competent cells and transformation.
Competent cells were prepared by a modification of the two-step growth method (3) described in detail previously (31) . Medium I contained Spizizen salts, 0.5% glucose, 0.02% vitamin free Casamino Acids (Difco), 0.05% yeast extract (Difco), 0.8% L-arginine, and 100 gg of each required amino acid per ml. Medium II contained Spizizen salts, 0.5% glucose, 0.01% vitamin-free Casamino Acids, 0.05% yeast extract, 50 Ag of each required amino acid per ml, 2.5 x 10-' M MgCl,, 10-' M CaCl,, and 5 x 10-4 M spermine tetrahydrochloride. To 0.9 ml of competent cells, 0.1 ml of DNA solution (see below) was added, and the mixture was incubated with shaking for 30 min at 37 C. The treatment was terminated by addition of 10 ;tg of pancreatic deoxyribonuclease per ml (electrophoretically purified, Worthington Biochemical Corp.) in 0.2 M MgSO4 solution. Transformants were selected by plating on suitable media as described previously (31) . The transformation frequencies with 0.5 ;g of native DNA/ml were usually 0.1 to 0.5%.
Isolation, denaturation, and strand separation of DNA. The extractions of B. subtilis DNA preparations were performed according to a modification (31) of the Marmur (18) procedure. The denaturation by alkali was carried out as described before (27, 31) at a concentration of 25 to 40Mg of DNA per ml. The DNA preparations had a double-strand molecular weight of 107 to 2 x 107 daltons and a single-strand molecular weight of 4 x 101 to 8 x 106 daltons as determined by sedimentation velocity (see below). The fractionation of L and H strands by chromatography on MAK columns was described in detail previously (27, 29) . The entire fractionation procedure was carried out at room temperature. Routinely, 4 to 4.5, 2 to 2.5, or 0.5 to 1 mg of alkali-denatured DNA was applied to a standard-, half-, or quarter-size MAK column, respectively (maintaining a 1.9 cm diameter), and eluted by means of an intermittent salt gradient (0.6 or 0.7 to 1.5 M NaCl in sodium phosphate buffer, pH 6.7) with total volumes of 500, 400, and 350 ml, respectively. Flow rate was adjusted to 80 to 90 ml per hr with a peristaltic pump. The absorbance of the eluates, collected in portions of 5 to 6 ml, was monitored at 254 nm with an ISCO ultraviolet analyzer. As soon as the first peak (L) began to emerge, the gradient was interrupted until the monitor indicated the beginning of a decline just after maximal absorbance was attained by this fraction. This period of interruption required the collection of six to eight, five to six, or three to four tubes for a standard-, half-, or quarter-size MAK column, respectively. (The volume in the connecting tube from the mixing chamber to the fraction collector was 3.5 ml.) At this point, the gradient was reestablished and maintained until the end of the fractionation. Individual or pooled L and H fractions were dialyzed overnight in the cold against 0.01 x standard saline citrate (SSC = 0.15 M NaCl, 0.015 M sodium citrate, pH 7). After dialysis, the fractions were adjusted to a uniform concentration of DNA (0.1 to 0.4 A,.0) and assayed for tranforming activity before and after self-annealing or after annealing in mixtures (see below). Purification of L and H strands by hydroxyapatite chromatography. Pooled L and H MAK fractions were self-annealed (68 C, 4 hr) either directly at the salt concentration of the eluates or after dialysis against 2 x SSC. The self-annealed strands were dialyzed against 0.05 M sodium phosphate buffer (pH 6.7) and applied to hydroxyapatite columns. Hydroxyapatite was prepared according to the method of Tiselius et al. (38) as slightly modified by Miyazawa and Thomas (19) . Bio-Gel HT and DNA-grade Bio-Gel HTP (Bio-Rad Laboratories) were also tested and found to yield low recoveries and poor resolutions. Columns (1.3 by 5 to 7 cm) were packed just before use with hydroxyapatite at room temperature and equilibrated with 0.05 M sodium phosphate buffer (pH 6.7). Each dialyzed selfannealed L or H strand (5 to 10 A,., units) was adsorbed on the column and eluted with 300 ml of gradient 0.05 to 0.5 M sodium phosphate buffer, pH 6.7. Flow rate was adjusted to 35 to 40 ml per hr with a peristaltic pump. The phosphate concentration of the eluates was checked by refractive index measurements (Bausch & Lomb refractometer). The hydroxyapatite fractions were stored in the cold over chloroform. Fractions which contained the pure strands (see Results) were concentrated by evaporation (Evapo-mix, Buchler).
Thermal renaturation and optical measurements. The renaturation of individual L and H fractions alone or in mixtures was carried out at 68 C as described previously (27) . The dialyzed DNA solutions at a concentration of 20 to 25 ug/ml were adjusted to 2x SSC. After annealing at 68 C for 3 to 4 hr, the samples were cooled and diluted with one volume of water. A portion of the annealed sample was subjected to a temperature-absorbance measurement, PROPERTIES OF DNA STRANDS and the remainder was used for transformation assays. Melting profiles were determined by the increase of ultraviolet absorption at 260 nm recorded on a Gilford automatic recording spectrophotometer as described previously (31) . Estimation of the percent helical structure recovered after renaturation was calculated from the hyperchromic increment (80 to 95 C) by use of the following expression (31) were calculated according to a modification of the Schumaker and Schachman (33) procedure.
RESULTS
Pattern of residual transforming activity after MAK chromatography of alkali-denatured B. subtilis DNA. Upon alkali denaturation of B. subtilis DNA and subsequent neutralization, 1 to 4% of the original transforming activity remains. In earlier studies, we reported that after MAK chromatography fractions L and H both retained a small amount of residual activity, more being found consistently in the early-eluting L fraction (27, 29) . The distribution of the residual activity along the MAK profile was carried out. As shown in Fig. 1 , a "nativelike" activity eluted in a sharp peak just ahead of the L fraction. This activity corresponded to a very minor ultraviolet peak comprising approximately 1% of the DNA recovered after MAK fractionation. Beyond this peak, low levels of transforming activity (0.1 to 0.5% of initial activity) were present along the entire MAK elution profile (see Fig. 1 ). Two additional passages of the L and H fractions through MAK columns reduced but did not eliminate this low background (29) . On the other hand, hydroxyapatite chromatography completely eliminated any residual activity from the L and H strand fractions (see below). The residual activity pattem of six genetic markers widely scattered along the B. subtilis genome was found to be essentially identical to the one shown in Fig. 1 Haas and Yoshikawa (11) reported that the purA16 marker in purified phage PBSH DNA renatured more rapidly and to a greater extent than any other marker in the phage DNA.
Certain properties of this minor fraction were found to resemble those described by others for natural or chemically induced cross-linked DNA (1, 2, 7, 13, 14, 20, 26) . This fraction did not exhibit any further restoration of transforming activity upon annealing at 68 C (see below). A second alkali denaturation of the minor fraction caused a drop in transforming activity to about 20 to 30% of the original value; the same treatment on native DNA provoked a decrease in activity to about 2 to 4% (see Table  1 ). These results indicate that the minor fraction withstands alkali denaturation much better than native DNA, as would be expected from cross-linked DNA. Similar findings have been reported by others (2, 7). Chilton (8) , on the other hand, reported that residual DNA activity was selectively lost during a subse- "The linkage was assayed as a unit by selecting his+try+ colonies on minimal medium. c Numbers of transformants per 108 recipients. dThe minor fraction was dialyzed successively against: 0.01 x SSC, 0.05 N NaOH for 18 hr, 0.2 M Na phosphate buffer, pH 6.7, and 1 x SSC, all at 4 C. quent alkali treatment. The "nativelike" fraction which can be partially fractionated by MAK chromatography is similar, yet not identical, to native DNA. As shown in Table 1 , the biological activity of the minor fraction relative to that of native DNA was about three to four times lower. Chevallier and Bernardi (7) similarly concluded that the "nativelike" molecules of denatured Haemophilus influenzae DNA are intrinsically different and biologically less effective than native molecules. Finally, we may add that this fraction is not peculiar to any one marker or region of the chromosome. The cross-linkages which prevent the strands from separating seem to be randomly located on the B. subtilis chromosome.
Pattern of transforming activity after self-annealing of L and H strand fractions. We have previously reported that the L fraction showed little or no increase in activity after self-annealing, whereas the H fraction showed a 5-to 10-fold increase in activity (27) . The pattern of transforming activity after self-annealing along the MAK profile was investigated. Samples of each tube were dialyzed, adjusted to the same DNA concentration, subjected to renaturation, and assayed for transformation at 0.5 Mg of DNA/ ml. Representative examples of our results are illustrated in Fig. 2A -C, depicting patterns of three separate fractionations of different DNA preparations. As shown, the absorbance and the marker profiles did not coincide. The latter peaked preferentially at the late-eluting portion of the H peak and beyond it. Considerable marker activity was found after most of the H fraction had been eluted (see Fig. 2B and C).
No increase in marker activities after selfannealing was observed along the L absorbance profile (compare Fig. 1 with Fig. 2A and C). In addition, Fig. 2A shows a small bias in the distribution of marker activities after selfannealing. The various markers analyzed exhibited the following increasing order of displacement from the absorbance peaks: purA16, metB5, leu-8, and hisB2-try-2. Additional evidence regarding the distribution of marker activities among the MAK fractions is presented in the accompanying paper (32) . Any contamination of polynucleotide segments derived from the opposite strand should be found in the region where the two strand fractions overlap (i.e., the late-eluting L and the earlyeluting H fractions) rather than in the trailing end of the H fraction. Figure 2B shows how the presence of contaminating H fragments in the overlap region can easily be detected by transformation assays after self-annealing. The broad absorbance profile of that particular L fraction had a slight shoulder on the late-eluting side, which gave rise to a small peak in activity after self-annealing (see Fig. 2B ). In addition, the amount of recovered L in that fractionation exceeded the theoretical value of 50% (see legend of Fig. 2B ). Since the crosscontamination is located in the overlap region, we postulate that the biologically active selfannealed species which fractionate preferentially in the late-eluting portion of the H fraction represent a different class of H molecules. Evidence will be presented below which suggests that this class constitutes H fragments of a unique size and configuration capable of forming intrastrand secondary structures.
The thermal stability of the self-annealed H fraction was compared to native DNA and to The most important factor affecting DNA renaturation is the concentration of the complementary strands in the annealing mixture. The dependence of the rate of renaturation on the concentration, as well as the relative homogeneity of the DNA, has been explained in terms of the random interaction of a population of single chains. It was therefore reasoned that the rate of formation of intrastrand secondary structures during the renaturation process should not be concentration-dependent. The restoration rate of transforming activity as a function of DNA concentration of either late-eluting H or a mixture of pooled L and H during the annealing reaction was compared. The results obtained are shown in Fig. 4 . As expected, the annealing rate of the L and H mixture was dependent on the concentration of the interacting single strands. In contrast, the rate of self-annealing of the late-eluting H molecules was much less dependent on DNA concentration. As shown in Fig. 4 , at a concentration of 2.5 jg of DNA/ml, the self-annealing activity of the late-eluting H fraction reached its plateau value of 6 to 7% of original activity. At that concentration, there was no significant reformation of duplex DNA in the reaction mixture of the separated L and H fractions.
We next established whether the intrastrand associations occur more rapidly than interstrand annealing and whether the former produce intermediate structures which either aid or hinder in the formation of duplex DNA. The course of renaturation of fraction H and a mixture of L and H was followed as a function of the time of annealing. The comparison was made at two concentrations of DNA (4 and 20 Ag/mi in 2 x SSC). Samples were annealed for periods of 15, 30, 60, 90, 120 , and 180 min at 68 C followed by rapid cooling. To the cooled H samples, an equal amount of DNA from the L fraction was added, and half of each sample was subjected to a second annealing treatment for 180 min. The transforming activities were assayed at a uniform concentration of DNA (0.1 Mg) where yields for renatured DNA still respond to concentration. As shown in Table 2 , the H fraction alone renatured rapidly at both DNA concentrations and reached plateau values by 60 min of annealing. The recovery of transforming activity in the mixture of L and H at high DNA concentration (20 Mg) displayed a rapid initial rate followed by a slower one. At low concentrations of DNA, the restoration of activity in the mixture showed a slow increase, which continued for at least 5 to 6 hr. The self-annealing pretreatment of the H fraction did not interfere with the interstrand annealing but resulted in an additional increment in transforming activity (see Table 2 ). One may conclude that intrastrand associations do occur more rapidly, and upon longer annealing periods (3 to 6 hr) they are competitively displaced by complementary interstrand complexes.
Temperature-absorbance measurements on the self-annealed MAK fractions. The extent of hypochromicity produced after selfannealing may be taken as a measure of any helical structures that can reform in the L and H fractions. Estimations of recovered secondary structure were based on the hyperchromic rise between 80 and 95 C during temperatureabsorbance measurements. Melting curves of the early, middle, and late portions of the L and H MAK fractions are presented in Fig. 5A and B. For comparison, the melting curve of a mixture of total L and H annealed together is included in Fig. 5A and B. The renaturation product of the mixture of L plus H corresponded to a recovery of approximately 61% of the secondary structure of the native DNA. The melting profiles of the individual portions of self-annealed L and H fractions were typical of denatured DNA, exhibiting a continuous increase of optical density across the whole temperature range and a small hyperchromic shift in the range of 80 to 95 C. As shown in Fig.  5A and B, the melting curves of samples taken close to the region where the two strand fractions overlap (i.e., fractions L, and HJ) exhibited the highest hyperchromic shift. The percentages of hypochromicity recovered after self-annealing for fractions L1, L2, and L8 were 1.1, 4.2, and 10.3, respectively; for fractions H1, H2, and H8, they were 8.1, 5.2, and 6.7, respectively (see Fig. 5A and B) . A summary of the hypochromicities recovered by self-annealing fractions from the entire elution profile of denatured DNA is presented in Fig. 6 . As shown, the linear increase in hypochromicity after self-annealing along the L absorbance profile was not entirely followed by a linear decrease in hypochromicity along the H absorbance profile. On the basis of other observations reported in the accompanying paper (32), we regard the two MAK peaks as "mirror images" of each other with respect to complementarity. We therefore expected the increase and decrease in hypochromicities after self-annealing to be symmetrical. As shown in Fig. 6 raphy, a technique which fractionates nucleic acids according to their secondary structure (4, 7), should be ideally suited for obtaining highly purified strands devoid of transforming activity and hypochromicity. The objective of these studies was to remove selectively the crosslinked molecules and the self-annealed species from the strand fractions which are responsible for the residual activity in the L strand and the partially restored activity in the H strand reported above. Denatured DNA is known to separate on hydroxyapatite columns into a main fraction eluting at low molarities of phosphate buffer and a minor fraction eluting, like native DNA, at higher molarities of buffer (4, 7). The minor fraction was shown to be the carrier of the residual transforming activity surviving denaturation (4, 7). MAK-isolated L and H fractions of alkali-denatured B. subtilis DNA were self-annealed at 68 C, adsorbed to hydroxyapatite columns, and eluted by means of a linear gradient of sodium phosphate (NaP) buffer, pH 6.7 (0.05 to 0.5 M). (Fig. 7B) . The range of molarities was based on refractive index measurements made on a number of hydroxyapatite eluates. In our earlier investigations using the commercial hydroxyapatite (Bio-Rad Laboratories), we noticed small differences between L and H in the eluting molarities of the major single-stranded component (fraction I). For example, fraction I of the L strand eluted at 0.16 to 0.17 M, whereas in the case of the H strand it eluted at 0.18 to 0.19 M. We since discovered that these differences were not always reproducible and that different DNA preparations and individual batches of hydroxyapatite also contribute to the variations in the eluting molarities. As shown in Fig. 7B , the transforming activity was confined exclusively to fraction II. The single-stranded region (fraction I) exhibited no transforming activity, i.e., less than 1 in 107 recipient cells. Fraction I was subjected to a second self-annealing treatment and rechromatographed on hydroxyapatite columns. As shown in Fig. 7C , only single strands were obtained upon rechromatography of fraction I. One passage through hydroxyapatite columns of self-annealed L and H fractions seems, therefore, sufficient to yield highly purified single-strand preparations. Recoveries from the initial hydroxyapatite fractionations (Fig. 7B ) of L and H were 75 and 80%/o, respectively, and from the rechromatographed fractions I (Fig. 7C) , 82 and 78%, respectively. According to Bernardi (4) , incomplete recoveries with yeilds of only 50 to 80% are not uncommon for hydroxyapatite chromatography of denatured DNA. The low recoveries predominantly affect the first large fraction (I) of single-stranded molecules.
The two hydroxyapatite fractions (I and II) obtained from L and H were investigated for their transforming properties and melting behavior. Table 4 summarizes the distribution of transforming activities after self-annealing in the L and H strand fractions before and after hydroxyapatite chromatography. The melting curves of all of the chromatographic fractions (MAK and hydroxyapatite) are shown in Fig.  8A -C. The starting L and H strand fractions exhibited the usual "residual hypochromicities" discussed earlier (compare Fig. 8A with Fig. 5A and B) . The "residual hypochromicity" of close to 5% was eliminated entirely after hydroxyapatite chromatography. As shown in Fig. 8B , the melting profiles of the hydroxyapatite fractions L, and HI revealed no hyperchromic shift in the range of 80 to 95 C. Similarly, the residual transforming activity found in the starting L and H strands was completely eliminated after hydroxyapatite chromatography. Fractions Li and HI were devoid of transforming activity (see Table 4 ). When the mixture of the hydroxyapatite-purified strands (LI plus HO) was subjected to renaturation, the restoration of transforming activity and hypochromicity reached levels of 20 to 30% of native (see Table 4 and Fig. 8B) . These values are not as high as the levels of reactivations recorded for the renaturation products of mixtures of the starting MAK fractions (see Table 4 , Fig. 8A , and reference 27). Considering that the hydroxyapatite-purified strand fractions have no detectable transforming activity (under the experimental conditions used in this laboratory), a 20 to 30% recovery of transforming activity in the renatured mixture represents a highly significant level of reactivation. Hydroxyapatitepurified complementary DNA strands of B. subtilis mutants have been used by Strauss (35) in his investigations on the transforming behavior of heteroduplex molecules.
In contrast, the properties of the second chromatographic fraction (Li, and Hi,) are more similar to, yet not identical to, those of native or renatured DNA. The levels of trans- Table 4 ). The self-annealed L fraction, which shows no reactivation of transforming activity beyond the residual levels (see above), gave rise to a relatively inactive fraction II after hydroxyapatite chromatography (see Table 4 ), whereas the self-annealed H fraction, which shows a partial restoration of transforming activity, gave rise to a more active fraction II after hydroxyapatite chromatography (see Table 4 ). Additional information on the relative amount and activity of fraction II produced after self-annealing of L and H is provided in Fig. 9 . Four portions (L1, L2, H1, and H2) of the MAK elution profile were chromatographed on hydroxyapatite columns after a self-annealing treatment. The proportion of fraction II in the L1, L2, H1, and H2 chromatograms (as a percentage of input) was 18, 28, 37 , and 32, respectively, and the average transforming activities (as a percentage of native activity) were 2.8, 1.7, 9.5, and 14.5, respectively (see Fig. 9A-D) . The levels of transforming activities found in fraction II (even in H2, Fig. 9D ) were significantly lower than those obtained from renatured mixtures of L plus H (see Table 3 ). Similarly, the melting profiles of fraction II from L and H exhibited a relatively small hyperchromic rise of 10% in the range of 80 to 95 C (see Fig. 8C ). On the basis of the melting behavior and transforming properties, we are led to conclude that the "nativelike" molecules in fraction II are different in structure from native DNA. These molecules seem to display even greater imperfections in their secondary structure than renatured mixtures of L and H strand fractions.
In conclusion, all of the findings reported in this paper indicate that the "nativelike" fraction produced upon the self-annealing of the single-strand preparations is heterogeneous in its secondary structure. It is composed of DNA molecules with interstrand cross-links (found in LI, Fig. 9A ), imperfect doublestranded structures (found in the overlap region L, and H1, Fig. 9B and C) , and intrastrand secondary structures (found in H2, Fig.   9D ).
DISCUSSION
The purpose of the studies reported here was to characterize further the MAK-fractionated strand preparations, especially with respect to the origin and nature of the residual and the self-annealed transforming activities. The residual transforming activity in denatured DNA from B. subtilis and other transformable bacteria was investigated in several laboratories and has been attributed to a minor fraction of "nativelike" DNA molecules which resist denaturation because they bear covalent cross-links (1, 2, 7, 20, 26) . In the studies reported here, we show that MAK chromatography is capable of resolving most of the "nativelike" DNA molecules in a minor fraction which elutes just prior to the L fraction. The chromatographic position of the cross-linked DNA molecules on the MAK profile explains why the L strand retains slightly more residual activity than H. Since the transforming activity is not increased by self-annealing of the minor or the L fractions, it was assumed that these species represent only interstrand cross-linked molecules. Nevertheless, one cannot rule out the possibility that this minor fraction is also composed of L molecules containing intrastrand cross-links which are complementary to the self-annealing and The investigations of the self-annealed activity associated predominantly with the H strand indicate that it does not originate solely from the presence of contaminating segments of the L strands. The biologically active self-annealed species do not peak in the region of overlap where the contamination is most prevalent but rather at the trailing end of the H fraction. Three criteria were used in these studies to assess the reformation of secondary structures upon self-annealing: (i) transforming activity, (ii) restoration of hypochromicity, and (iii) the chromatographic behavior on hydroxyapatite columns. These techniques do not distinguish between duplex molecules on intrastrand secondary structures in a "nativelike" fraction. The formation of some intrastrand associations upon the self-annealing of the H strand fraction has been inferred from the kinetic data (Fig. 4 and Table 2 ). These studies show that during the renaturation process the restoration rate of transforming activity in the late-eluting H molecules is much less dependent on DNA concentration than in mixtures of L and H. Furthermore, the rate of self-annealing in the H fraction is rapid and requires shorter annealing periods to reach plateau levels as compared with the optimal requirements for duplex formation in mixtures of L and H. The kinetics of the self-annealing reaction of the H fraction strongly indicate the formation of intrastrand secondary structures. At present, the reasons why the L complements of the late-eluting H molecules do not exhibit a selfannealing activity remain obscure. As mentioned earlier, the minor fraction (M) may include some L molecules containing intrastrand cross-links. Furthermore, it is possible that any self-annealed L strands containing intrastrand associations may be excluded by the competent cells during DNA uptake (see below). We believe that the formation of intrastrand secondary structures, particularly in the H strand, may have some functional significance. It is known that in B. subtilis most of the messenger ribonucleic acid (RNA) species and all of the stable RNA components (ribosomal and transfer RNA) are transcribed from the H strands (16, 17) . Regions along the H strands capable in vivo of transiently altering their secondary structure by forming "hairpin"-type loops may serve as specific markers of control and recognition. The biological importance of these special H molecules could best be ascertained by a careful examination of the properties of hydroxyapatite-purified H strands. We have already shown that the levels of restored transforming activity decreased in annealed mixtures of hydroxyapatite-purified L and H strands (see Table 4 ). Preliminary data (with Setoguchi and Galloway) similarly show that the hybridization efficiencies of hydroxyapatite-purified L and especially H strands to messenger RNA also decrease. We are currently attempting to elucidate further the chemical and biological properties of the self-annealed H molecules in B. subtilis DNA.
The physical measurements suggest that, in addition to the mutual complementary nature of the separated L and H fractions, they differ in molecular size and possibly in configuration. Our results show a consistent increase in sedimentation velocities along the MAK elution profile. The S values of the L fractions are lower than those of the corresponding H fractions. MAK chromatography is known to separate nucleic acids on the basis of molecular weight, molecular configuration, and overall base composition (15, 37) . It is essential for a successful separation of complementary strands by MAK chromatography that the native DNA preparation is fragmented to an average molecular weight no greater than 15 x 10 to 30 x 10 (29). This conclusion is based on fractionation studies with T4 DNA, which show that strand resolution was possible only after intact phage DNA was broken by shearing to approximately quarter-length fragments (29) . The mild shearing forces inherent in the procedure for the isolation of bacterial DNA (18) and the subsequent effect of alkali during denaturation produce fragments as well as single-strand nicks. The question that arises relevant to strand resolution by MAK chromatography is whether fragmentation occurs at unique break points or whether the sites of breakage are randomly distributed between the strands. Roger et al. (25) concluded from extensive sedimentation boundary measurements of unfractionated and MAK-fractionated denature pneumococcus DNA that chromosomal breakage occurs during preparation at predetermined regularly spaced intervals (24, 25) . Gabor and Hotchkiss (9, 10) gave further evidence for homogeneity in pneumococcal DNA preparations by demonstrating differences in the rate of phenotypic expression of different markers when hybrid duplex free from its mirror image is used. These findings, according to them, would not be expected if the (32) indicate that the distribution of various marker activities is very consistent along the MAK elution profile between different fractionations of denatured B. subtilis DNA. Furthermore, complementary sequences carrying specific markers like the ribosomal RNA genes (16) occupy a specific location on the MAK elution profile. These results suggest that the observed size and possibly configurational differences between the L and H fractions are related to the compositional differences between the strands, and aid rather than hinder in the separation on MAK columns. On the basis of the reported findings, we cannot conclude whether in B. subtilis chromosomal breakage during preparation occurs at random or whether there are, instead, unique break points, and in addition whether specific breaks may occur in the competent cells during uptake of donor DNA. The data nevertheless imply that sites of breakage are not equally distributed between the strands, but that the purine-rich L strands may be more susceptible to breaks than the pyrimidine-rich H strands. Differences in stability of the glycosidic linkage of the purine and pyrimidine nucleosides have long been known (6) . It is conceivable that the slight bias in the occurrence of single-strand breaks may be due, in addition to shear forces and nuclease action, to rare depurinations occurring in purine-rich clusters. Such rare depurinations (with or without concomitant strand breakage) may account for the absence of self-annealing activity in the L strand fraction. The bias in the distribution of purines and pyrimidines between the L and H strand preparation of B subtilis DNA has been documented by direct base composition (28) and "transcript" analysis (12) . Recent studies from this laboratory (30) show an asymmetric distribution of pyrimidine clusters between the L and H strands of B. subtilis DNA, with a predominance of long clusters in the H strands. Furthermore, there is an unusually high number of oligothymidylate runs of length 7 to 11 found predominantly in the H strands. Since the pyrimidine distribution in one strand is a mirror of the purine distribution in the complementary strand, the results show the predominance of long purine sequences, particularly oligodeoxyadenylate runs in the L strand. Hotchkiss (9) has previously speculated that oligodeoxyadenylate stretches serve as regions of punctuation and breakage. This possibility, according to him, also bears on the mechanism by which MAK columns are capable of recognizing differences between the complementary strands. In conclusion, although size and configurational differences are demonstrable and most probably useful, the underlying basis for the separation by MAK chromatography remains the complementarity of the DNA strands.
